The magnetic moments of J P = 3 2 + decuplet baryons have been calculated in the chiral constituent quark model (χCQM) with explicit results for the contribution coming from the valence quark polarizations, sea quark polarizations, and their orbital angular momentum. Since the
I. INTRODUCTION
In order to understand the internal structure of the hadrons in the nonperturbative regime of Quantum Chromodynamics (QCD), one of the main challenges is the measurement of static and electromagnetic properties of hadrons like masses, magnetic moments, etc. both theoretically and experimentally. Ever since the proton polarized structure function measurements in the deep inelastic scattering (DIS) experiments [1] [2] [3] [4] provided the first evidence that the valence quarks of proton carry only a small fraction of its spin, the charge, current and spin structure of the nucleon has been extensively studied in experiments measuring the electromagnetic form factors from the elastic scattering of electrons.
The magnetic moments of the J P = 1 2 + octet baryons have been accurately measured [5] .
Our information about the J P = 3 2 + decuplet baryons, however, is limited because of the difficulty in measuring their properties experimentally on account of their short lifetimes.
Among all the decuplet baryons in hadron spectrum, Ω − hyperon is unique as the naive SU(6) quark model describes it as a state with three strange quarks in a totally symmetric flavor-spin space. As the strange quarks decay via the weak interaction, the Ω − baryon is significantly more stable than other members of J P = 3 2 + decuplet baryons, which have at least one light quark. The magnetic moment of Ω − = −2.02 ± 0.05 µ N has been measured with high precision [5] . In spite of the considerable progress made over past few years to determine the magnetic moments of other decuplet baryons, there is hardly any consensus regarding the mechanisms that can contribute to it and additional refined data is needed to bridge the gap.
The magnetic moments of J P = 3 2 + decuplet baryons have been calculated theoretically using different approaches. The first calculation used a SU(6) symmetric quark model (NQM) [6] . This work was further improved by considering the individual contributions of the quark magnetic moments, the SU(3) symmetry breaking effects, sea quark contributions, quark orbital momentum effects, relativistic effects [7] [8] [9] [10] [11] [12] [13] [14] . Typically, these models invoke the additivity hypothesis where a baryon magnetic moment is given by the sum of its constituent quark magnetic moments. The issue regarding the magnetic moments is difficult to understand since the magnetic moments of baryons receive contributions not only from the magnetic moments carried by the valence quarks but also from various complicated effects, such as relativistic and exchange current effects, pion cloud contributions, effect of the confinement on quark masses, etc.. In the absence of any consistent way to calculate these effects simultaneously, it is very difficult to know their relative contributions. Recently, a number of theoretical and computational investigations involving the magnetic moment of decuplet baryons baryon have been carried out using the relativistic quark model (RQM) [8] , QCD-based quark model (QCDQM) [9] , effective mass scheme (EMS) [14] , light cone QCD sum rule (LCQSR) [15] , QCD sum rule (QCDSR) [16] , Skyrme model [17] , chiral quark soliton model (CQSM) [18, 19] , chiral perturbation theory (χPT) [20] , lattice QCD (LQCD) [21, 22] , bag model (BM) [23] , large N c [24] , heavy baryon chiral perturbation theory approach (HBχPT) [25] , etc.. In addition, electromagnetic properties of the baryons have been extensively studied in a chiral quark model with exchange currents (χQMEC) which are necessary for constructing gauge invariant current [26] .
One of the important model which finds application in the nonperturbative regime of QCD is the chiral constituent quark model (χCQM) [27] [28] [29] . The underlying idea is based on the possibility that chiral symmetry breaking takes place at a distance scale much smaller than the confinement scale. The χCQM uses the effective interaction Lagrangian approach of the strong interactions, where, the effective degrees of freedom are the valence quarks and the internal Goldstone bosons (GBs), which are coupled to the valence quarks [11, [29] [30] [31] [32] . The χCQM with spin-spin generated configuration mixing [33] [34] [35] [36] is able to give the satisfactory explanation for the spin and flavor distribution functions including the strangeness content of the nucleon [30, 31] , weak vector and axial-vector form factors [37] , magnetic moments of octet baryons, their transitions and Coleman-Glashow sum rule [12] , magnetic moments of octet baryon resonances [38] , magnetic moments of Λ resonances [39] , charge radii and quadrupole moment [40] , etc.. The model is successfully extended to predict the important role played by the small intrinsic charm content in the nucleon spin in the SU(4) χCQM and to calculate the magnetic moment and charge radii of charm baryons including their radiative decays [41] . In view of the above developments in the χCQM, it becomes desirable to extend the model to calculate the magnetic moment of the J P = 3 2 + decuplet baryons as the knowledge of magnetic moments of decuplet baryons undoubtedly provide vital clues to the spin structure and the nonperturbative aspects of QCD.
The purpose of the present paper is to formulate in detail the magnetic moment of the
+ decuplet baryons in the SU(3) framework of χCQM with explicit contributions coming from the valence spin polarization, quark sea polarization, and its orbital angular momentum. In order to understand the implications of non valence quarks and to make our analysis more responsive, it would also be interesting to examine the effects of chiral symmetry breaking and SU(3) symmetry breaking parameters on the magnetic moment.
Further, we would also like to study the implications of variation of the quark masses, arising due to confinement of quarks on the magnetic moments [14, 42] .
The plan of work is as follows. To facilitate discussion, in Sec. II, chiral symmetry breaking and SU (3) 
II. CHIRAL CONSTITUENT QUARK MODEL (χCQM)
The χCQM was introduced by Weinberg and further developed by Manohar and Georgi [27] with the basic idea that the set of internal Goldstone bosons (GBs) couple directly to the valence quarks in the interior of hadron but only at a distance scale where perturbative QCD is not applicable.
The dynamics of light quarks (u, d, and s) and gluons can be described by the QCD
where G a µν is the gluonic gauge field strength tensor, D µ is the gauge-covariant derivative, M is the quark mass matrix and ψ L and ψ R are the left and right handed quark fields
Since the mass terms change sign as ψ R → ψ R and ψ L → −ψ L under the chiral transformation (ψ → γ 5 ψ), the Lagrangian in Eq. (1) no longer remains invariant. In case the mass terms in the QCD Lagrangian are neglected, the Lagrangian will have global chiral symmetry of the SU(3) L × SU(3) R group. Since the spectrum of hadrons in the known sector does not display parity doublets, the chiral symmetry is believed to be spontaneously broken around a scale of 1 GeV as
As a consequence, there exists a set of massless GBs, identified with the observed (π, K, η)
mesons. Within the region of QCD confinement scale (Λ QCD ≃ 0.1−0.3 GeV) and the chiral symmetry breaking scale Λ χSB , the constituent quarks, the octet of GBs (π, K, η mesons), and the weakly interacting gluons are the appropriate degrees of freedom.
The effective interaction Lagrangian in this region can be expressed as
where g A is the axial-vector coupling constant. The gluonic degrees of freedom can be neglected owing to small effect in the effective quark model at low energy scale. The vector and axial-vector currents V µ and A µ are defined as
where ξ = exp(2iΦ/f π ), f π is the pseudoscalar pion decay constant (≃ 93 MeV), and Φ is the field describing the dynamics of GBs as
Expanding V µ and A µ in the powers of Φ/f π , we get
The effective interaction Lagrangian between GBs and quarks from Eq. (4) in the leading order can now be expressed as
which can be reduced to
using the Dirac equation (iγ
is the coupling constant for octet of GBs and m q (m q ′ ) is the quark mass parameter. The Lagrangian of the quark-GB interaction suppressing all the space-time structure to the lowest order can now be expressed as
The QCD Lagrangian is also invariant under the axial U(1) symmetry, which would imply the existence of ninth GB. This breaking symmetry picks the η ′ as the ninth GB. The effective Lagrangian describing interaction between quarks and a nonet of GBs, consisting of octet and a singlet, can now be expressed as
where ζ = c 1 /c 8 , c 1 is the coupling constant for the singlet GB and I is the 3 × 3 identity matrix.
The fluctuation process describing the effective Lagrangian is
where′ + q ′ constitute the sea quarks [11, 29, 31] . The GB field can be expressed in terms of the GBs and their transition probabilities as
The transition probability of chiral fluctuation
, given in terms of the coupling constant for the octet GBs |c 8 | 2 , is defined as a and is introduced by considering
. In terms of a, the probabilities of transitions
β 2 a and ζ 2 a respectively [11, 29] . The parameters α and β are introduced by considering nondegenerate GB masses M K , M η > M π and the parameter ζ is introduced by considering
III. MAGNETIC MOMENTS
The magnetic moment of a given baryon in the χCQM receives contribution from the spin of the valence quarks, spin of the sea quarks and the orbital angular motion of the sea quarks. The total magnetic moment is expressed as
where µ(B) V and µ(B) S are the magnetic moment contributions of the valence quarks and the sea quarks respectively coming from their spin polarizations, whereas µ(B) O is the magnetic moment contribution due to the rotational motion of the two bodies constituting the sea quarks (q ′ ) and GB and referred to as the orbital angular momentum contribution of the quark sea [29] .
In terms of quark magnetic moments and spin polarizations, the valence spin (µ(B) V ) , sea spin (µ(B) S ) , and sea orbital (µ(B) O ) contributions can be defined as
where µ q = eq 2Mq (q = u, d, s) is the quark magnetic moment in the units of µ N (nuclear magneton), ∆q val and ∆q sea are the valence and sea quark spin polarizations respectively, µ(q + →) is the orbital moment for any chiral fluctuation, e q and M q are the electric charge and the mass, respectively, for the quark q.
The valence and sea quark spin contributions for a given baryon can be calculated from the spin structure of the baryons. Following references [11, 29, 31] , the quark spin polarization can be defined as
where q ± can be calculated from the spin structure of a baryon
Here |B is the baryon wave function and N = q + q − is the number operator measuring the sum of the quark numbers with spin up or down, for example,
with the coefficients of the q ± giving the number of q ± quarks.
The valence quarks spin polarizations (∆q val = n q + − n q − ) for a given baryon can be calculated using the SU(6) spin-flavor wave functions |B in Eq. (20) .
The quark sea spin polarizations (∆q sea ) coming from the fluctuation process in Eq. (13) can be calculated by substituting for every valence quark
where the transition probability of the emission of a GB from any of theuark ( P q ) and the transition probability of the q ± quark (|ψ(q ± )| 2 ) can be calculated from the Lagrangian.
They are expressed as
The contribution of the angular momentum of the sea quarks to the magnetic moment of a given quark is
where
l q , l GB and (M q , M GB ) are the orbital angular momenta and masses of quark and GB respectively. The orbital moment of each process is then multiplied by the probability for such a process to take place to yield the magnetic moment due to all the transitions starting with a given valence quark, for example
The above equations can easily be generalized by including the coupling breaking and mass breaking terms, for example, in terms of the coupling breaking parameters a, α, β and ζ as well as the masses of GBs M π , M K and M η . The orbital moments of u, d and s quarks respectively are
The orbital contribution to the magnetic moment of the baryon of the type B(q 1 q 2 q 3 ) is given as
We now discuss in detail the valence quark spin, sea quark spin and sea quark orbital contributions to the magnetic moment of J P = 
The spin structure for the J P = 3 2 + decuplet baryons is expressed as The resulting spin polarizations give the valence contribution to the magnetic moment obtained by substituting these in Eq. (16) . The results have been presented in Table I .
The sea quark polarizations which contribute to the magnetic moment of J P = 3 2 + decuplet baryons can be calculated by substituting Eq. (22) for every valence quark in Eq.
(32). Consequently, the magnetic moment contributions of the sea quarks µ(B * ) S can be calculated from Eq. (17) and the results have been presented in Table II .
The orbital contribution to the total magnetic moment of the J P = 3 2 + decuplet baryons, as given by Eq. (30), is expressed as 
Using Eqs. (27) , (28) and (29), the orbital contribution to the total magnetic moment of
+ decuplet baryons can be calculated.
IV. EFFECTIVE QUARK MASSES
The basic assumptions of χCQM suggest that the constituent quarks are supposed to have only Dirac magnetic moments governed by the respective quark masses. Since we do not have any definite guidelines for the constituent quark masses, we can use the most widely accepted values of quark masses in hadron spectroscopy. In order to study the effect of quark confinement on the magnetic moments, the effective quark masses can be considered [14, 42] .
In conformity with additivity assumption, the simplest way to incorporate this adjustment is to first express M q in the magnetic moment operator in terms of M B , the mass of the baryon obtained additively from the quark masses, which then is replaced by M B + ∆M, ∆M being the mass difference between the experimental value and M B . This leads to the following modification in the quark magnetic moments
In addition to this, various sum rules derived from the spin-spin interactions for different baryons [34] [35] [36] can be used to fix M s , for example, (
The baryon magnetic moments calculated after incorporating this effect would be referred to as baryon magnetic moments with effective quark masses.
V. RESULTS AND DISCUSSION
The explicit numerical values of the valence, sea, and orbital contributions to the magnetic moment of J P = 3 2 + decuplet baryons in χCQM can be calculated. The magnetic moment calculations in χCQM with SU(3) broken symmetry involve the symmetry breaking parameters a, aα 2 , aβ 2 , aζ 2 , representing, respectively, the probabilities of fluctuations of a constituent quark into pions, K, η, η ′ . These parameters provide the basis to understand the extent to which the sea quarks and their orbital angular momentum contribute to the structure of the baryon. The hierarchy for the probabilities, which scale as
Since the parameters cannot be fixed independently, therefore, we have carried out a broader analysis to find the ranges of the χCQM parameters from experimentally well known quantities pertaining to the spin polarization functions and quark distribution functions. The range of the coupling breaking parameter a can be easily found by considering the expressions of the quark spin polarization functions by giving the full variation of parameters α, β and ζ [31] . We obtain 0.10 < ∼ a < ∼ 0.14. The range of the parameter ζ can be found from the latest experimental measurement ofū/d [43] which involves only β and ζ. Using the possible range of β, i.e. 0 < β < 1 one finds −0.70 < ∼ ζ < ∼ −0.10. The range of β can be found by using theū −d asymmetry representing the violation of Gottfried sum rule [44] and expressed asū −d = a 3
(2ζ + β − 3). Using the above found ranges of a and ζ as well as the latest measurement ofū −d asymmetry [43] , β falls in the range 0.2 < ∼ β < ∼ 0.7.
Similarly, the range of α can be found by considering the flavor non-singlet component ∆ 3
(=∆u − ∆d) and it comes out to be 0.2 < ∼ α < ∼ 0.5.
In addition to the parameters of χCQM as discussed above, the orbital angular momen- [29, 34, 45] . In addition, the effect of the confinement on quark masses can be added by taking the effective quark magnetic moments µ eff q as discussed in the previous section. This model has already been applied to calculate the magnetic moments of the octet baryons [12] where experimental data is available for all the cases. It is interesting to observe that our results for the magnetic moments of p, Σ + , Ξ 0 , and Λ give a perfect fit to the experimental values [5] whereas for all other octet baryons our predictions are within 10% of the observed values. Besides this, we have also been able to get an excellent fit to violation of Coleman-Glashow sum rule [46] . The fit becomes all the more impressive when it is realized that none of the magnetic moments are used as inputs and the violation of Coleman-Glashow sum rule can be described without resorting to additional parameters. In all the cases, the contribution of the quark sea and its orbital angular momentum is quite significant when compared with the valence contribution.
Using the inputs discussed above and performing a full scan of the χCQM parameters at 1σ CL, in Table III we have presented the χCQM results of the J P = 3 2 + decuplet baryons magnetic moments. In order to study closely the role of confinement on quark masses on the magnetic moments, in the table we have also presented the χCQM results with the effective quark magnetic moments µ eff q . One can immediately see that the total contribution to the magnetic moment is coming from different sources with similar and opposite signs, for example, the orbital is contributing with the same sign as the valence part, whereas the sea is contributing with opposite sign. For example, in the case of µ(∆ − ) and µ(Σ − ), because the orbital part dominates over the sea quark polarization, the magnetic moments are higher as compared to just the valence contributions. On the other hand, in the case of µ(∆ + ) and µ(Σ + ), the sea quark polarization dominates over the orbital part as a consequence of which the magnetic moment contribution is more or less the same as that of the the valence contribution. In general, one can find that whenever there is an excess of d quarks the orbital part dominates, whereas when we have an excess of u quarks, the sea quark polarization dominates. A measurement of these magnetic moments, therefore, would have important implications for the χCQM. The sea and orbital contributions, in a very interesting manner, add on to the valence contributions leading to better agreement with data. This clearly suggests that the sea quarks and their orbital contributions could perhaps provide the dominant dynamics of the constituents in the nonperturbative regime of QCD on which further corrections could be evaluated.
Since the experimental data is available for ∆ ++ , ∆ + and Ω − , it would be interesting to compare these with the χCQM results as well as with the results of other models. From the table, it is clearly evident that a very good agreement pertaining to the case of µ(∆ + ) is obtained. The result for µ(∆ ++ ) also lies very well within the available range. In both the cases, the sea and orbital contributions are quite significant. They cancel in the right direction and with the right magnitude to give the total magnetic moments. The magnetic moment of Ω − agrees with the experimentally observed value −2.02 ± 0.05 [5] . Since there is an excess of strange quarks in the valence structure of Ω − , the contribution of the quark sea and its orbital angular momentum is almost negligible as compared to the valence contribution. This is due to the fact that the strange contribution to the magnetic moment is almost an order of magnitude smaller than the up and down quarks thus leading to a very small contribution from the heavy quarks when compared with the contribution coming from the light quarks. This becomes more clear when we study the implications of SU (3) symmetry breaking. When we carry out the calculations in SU (3) (29), we find that, unlike the orbital moments of u and d quarks (Eqs. (27) and (28)) where the major numerical contribution comes from the mass terms without α 2 , β 2 and ζ 2 , the orbital moment of s quark has no such term. This yields a rather large value of error (approx 50%) in the result of the orbital contribution given in Eq. (33). This is not observed in any other baryon. For the sake of comparison, we have presented the results of other available phenomenological and theoretical models in Table   IV . Our model predictions for all the decuplet baryons are more or less in agreement with the predictions of other models existing in literature. In the case of ∆ ++ , ∆ + and Ω − where data is available, our results are even better than most of the predictions of other models.
To summarize, in a very interesting manner, the chiral constituent quark model (χCQM) is able to phenomenologically estimate the the orbital and sea contributions to the magnetic moment of the J P = 
